A mild to moderate branchial epitheliocystis infection was diagnosed in subyearling (11 months old, 250-300 g) white sturgeon (Acipenser transmontanus) from a private culture facility with a 4-8% mortality in the population. Infected branchial epithelial cells contained the coccoid to coccobacillary epitheliocystis organisms, which appeared as cytoplasmic inclusions composed of a fine, homogeneous, dense, basophilic, organisms, which appeared as cytoplasmic inclusions composed of a fine, homogeneous, dense, basophilic, granular material. The infected cells were variably enlarged with spherical to oval profiles and were randomly distri distributed throughout the branchial epithelium. The cytoplasmic inclusions stained positive with Macchiavello stain but negative with Brown and Brenn, periodic acid-Schiff, and Gimenez stains. Expression of chlamydial antigen was demonstrated within the cytoplasmic inclusions using a standard peroxidase-antiperoxidase immunohistochemical technique. Three stages of coordinated intracellular development were recognized by electron microscopy. The reticulate bodies were oval to spherical and 0.4-0.8 x 0.5-1.4 µm but often exhibited a pleomorphic and convoluted appearance because of variable membrane invaginations and evaginations suggestive of uneven fission and budding. Separate host cells contained intermediate bodies that were spherical to oval and 0.2-0.4 x 0.3-0.6 µm although often observed in the process of apparent uneven division. The presence of a cap or plaque composed of hexagonally arrayed fibrillar surface projections was initially recognized in this stage. A homogeneous population of 0.3-0.4 µmoval elementary bodies were observed separately in individual host cells. This developmental stage had a single, dense, compact, eccentrically located cytoplasmic condensation that occurred opposite to the location of the cap of hexagonally arrayed fibrillar surface projections. Morphologic characteristics of the epitheliocystis organism in these white sturgeon were similar to those previously described in other teleosts and expands the species catalogue of epitheliocystis infection. Furthermore, the ultrastructural similarities to the chlamydiae and the immunohistochemical detection of chlamydial antigen provides further evidence that the epitheliocystis agent is related to members of the Chlamydiales. Although the infection was considered mild to moderate and could not be definitively attributed to the mortality in this population, the potential adverse impact of epitheliocystis infection on sturgeon culture should be considered especially in intensive fish culture operations.
Epitheliocystis disease is a common condition of a putative infectious etiology that has been described in various teleosts. 5, 16, 23, 26 The descriptive term epitheliocystis is derived from the appearance of epithelial lesions that are manifested secondary to infection. Microscopically, progressive enlargement of infected epithelial cells subsequently results in the formation of spherical cysts that are circumscribed by an eosinophilic hyaline capsule apparently composed of retained remnants of the host cell membrane and cytoplasm.
These enlarged cells can range up to 400 µm in diameter and are often a transparent white to yellow when observed grossly. 7, 26 Although the gills are the most common site of infection, the integument and pseudobranch may also be invo1ved. 3, 8 Infected cells contain coccoid or coccobacillary organisms that complete a pleomorphic life cycle with specific morphologic characteristics dependent on the stage of intracellular development. 15, 17, 18 Development of the organism is similar to that of the chlamydiae 24 and proceeds from small, rigid infectious forms to larger, pleomorphic noninfectious forms that divide by fission to produce a new generation of infectious daughter cells. 18, 23 Although host specificity of the organism has not been adequately investigated, the available evidence suggests that different morphologic forms of the agent are associated with different host families and that transmission among species is limited. 8, 18 Taxonomic clas-sification of the epitheliocystis agent has been speculative because of the inability to isolate the organism in vitro. Based on ultrastructural characteristics, the organism has generally been considered a member of the Chlamydiales, although inclusion in the Rickettsiales has also been proposed. 7, 18, 26 Failure to isolate the organism has further precluded an assessment of the relationship between clinical disease and infection. Clinical disease has been attributed to respiratory distress secondary to gill epithelial hyperplasia and excessive mucus production, although this association remains empirical. 14, 23, 27 In the present report, we expand the species catalogue of infection and present antigenic and ultrastructural similarities between the white sturgeon (Acipenser transmontanus) epitheliocystis agent and the chlamydiae.
Materials and methods
Case report. The white sturgeon examined were subyearlings (11 months old, 250-300 g) from a population maintained at a private culture facility in southern Idaho. The population was divided into 71.0-m 3 aquaria with 50-75 fish/enclosure supplied with ambient 13.5 C nonrecirculating spring water at 45.4 liters/min. Fish were fed a commercial soft-moist pellet at 2% body weight/day with a feed conversion of 1:1.7-1:1.9. Diagnostic efforts were initiated because of a 4.8% mortality (3 or 4 fish/enclosure) that was considered abnormal for this age class under these culture conditions.
Histopathology. Ten moribund fish were randomly selected from the affected population and euthanized. The internal viscera were exposed through a ventral midline incision, and the specimens were fixed whole in 10% neutral buffered formalin prior to laboratory submission. Fixed specimens were examined grossly and subsequently dissected for the procurement of representative tissue samples. Tissue samples that included gill, integument, opercula, gastrointestinal tract, liver, spleen, kidney, gonad, heart, swim bladder, and brain were routinely processed and embedded in paraffin for histopathologic examination. Tissue sections were cut at 5 µm and stained with hematoxylin and eosin, periodic acid-Schiff (PAS), Brown and Brenn (BB), Macchiavello, and Gimenez reagents.
Transmission electron microscopy. Selected areas of gill tissue were procured from the paraffin blocks and deparaffinized in xylene overnite prior to rehydration through a graded ethanol series. Tissues were placed in Sorenson's phosphate buffer (0.1 M, pH 7.2) prior to fixation in Karnovsky's solution for 4 hr at 4 C. Following a brief rinse in phosphate buffer, the tissues were postfixed in 1% aqueous osmium tetroxide, dehydrated through a graded acetone series, infiltrated, and embedded in epoxy resin. Thin sections cut at 60-90 nm were stained with 4% uranyl acetate and lead citrate prior to examination with a Philips EM 400 transmission electron microscope at 80 kV. a Immunohistochemistry. A standard peroxidase-antiperoxidase (PAP) immunohistochemical staining procedure was used to demonstrate the expression of chlamydial antigen in infected epithelial cells of the gills. Paraffin-embedded sections of gill tissue were cut at 2-3 µm, applied to Probe-on charged glass slides, b and further processed using a microprobe system. b The sections were deparaffinized in xylene, rehydrated through a graded ethanol series, and incubated with 3% hydrogen peroxide in absolute methanol for 10 min to quench endogenous peroxidase activity. Tissue sections were incubated in antigen unmasking solution c according to the manufacturer's directions to increase antigen-antibody reactivity. Sections were further incubated in a detergent solution (TBS-BRIJ 35) containing 0.075% BRIJ 35 d diluted in Tris-buffered saline e (0.05 M Tris-HCl, 0.15 M NaCl, pH 7.6) for 5 min at room temperature. Nonspecific staining was blocked by application of 5% heat-inactivated normal goat serum diluted in TBS-BRIJ 35 for 20 min at 37 C. The primary murine monoclonal antibody clone 11B5, f which is specific for the chlamydial genus-specific lipopolysaccharide (LPS) antigen, was diluted 1:300 in phosphate-buffered saline (PBS, pH 7.4) containing 5% normal goat serum and applied to the sections for 30 min at 37 C. Following this incubation and each subsequent incubation, the slides were washed 10 times in TBS-BRIJ 35. Finally, the sections were incubated with the secondary goat anti-mouse antibody g followed by incubation with the peroxidase-antiperoxidase labeling reagent g according to the manufacturer's directions. Slides were developed with aminoethylcarbazole (AEC), rinsed in tap water, counterstained with Mayer's hematoxylin, and coverslipped using permanent aqueous mounting media.
h Formalin-fixed sections of psittacine liver infected with Chlamydia psittaci were used as positive controls; normal mouse serum diluted 1:300 in PBS (pH 7.4) was substituted for the primary antibody as a negative control.
Results

Cellular lesions typical of epitheliocystis infection
were observed in the gills. Affected branchial epithelial cells were variably enlarged and contained spherical to oval, centrally located intracytoplasmic inclusions that occupied a majority of the host cell cytoplasm. Infected cells had a size range of 11-20 x 15-28 µm, whereas the constituent intracytoplasmic inclusions were 10-20 x 12-20µm (n= 20). The number of infected cells varied within and among individual fish and were randomly distributed throughout the interlamellar stratified epithelium of the primary gill filaments and the simple respiratory epithelium of the secondary gill lamellae (Fig. 1) . The cytoplasmic inclusions were composed of a fine, homogeneous, dense, basophilic granular material suggestive of the coccoid to coccobacillary microorganisms observed in epitheliocystis infection. 23, 26 The inclusions were circumscribed by a variable amount of host cell cytoplasm that became less abundant with progressive enlargement of the cytoplasmic inclusion. Likewise, the nuclei of infected cells were initially enlarged and eccentrically located with a single prominent nucleolus or multiple nucleoli but became attenuated and less prominent with pro- gressive enlargement of the cytoplasmic inclusion. Nuclei of the largest cells were either highly attenuated and compressed between the enlarged cytoplasmic inclusion and the host cell membrane or were absent. A few cells were elliptical to spindle shaped and contained cytoplasmic inclusions that were less prominent and eccentrically located. The nuclei of these cells were also enlarged, with a prominent nucleolus, but were often more centrally located.
The cytoplasmic inclusions stained positive with Macchiavello but negative with BB, PAS, and Gimenez stains. Histologic examination of the other tissues, including the integument, did not reveal additional sites of infection. Host reaction of the gill tissue was either absent or limited to a mild epithelial hyperplasia that could not be definitively attributed to the infection. Expression of chlamydial antigen was demonstrated within the cytoplasmic inclusions by the PAP immunohistochemical technique using the 11B5 antibody that is specific for the chlamydial genus-specific LPS antigen (Fig. 1) .
Ultrastructural examination of gill tissue further supported the histologic observations. The cytoplasm and organelles of the host cell were peripherally compressed because of enlargement of the cytoplasmic inclusion although organellar lesions were not observed nor was the cytoplasmic inclusion delineated by a distinct membrane. However, the host cell cytoplasm in apposition to the cytoplasmic inclusion was highly infolded and interdigitated with the periphery of the cytoplasmic inclusion. The peripherally located nuclei were either enlarged or attenuated and contained a loose nuclear matrix and a variable number of nucleoli (Fig. 2) . Ultrastructural characterization of the infected host cells was precluded because of the advanced state of infection, but they appeared to be epithelial cells because of the presence of apical plasmalemmal projections that occurred at regular intervals similar to adjacent noninfected epithelial cells (Fig. 2) .
Three distinct stages of intracellular development were recognized with coordination of development relative to the host cell. Regardless of the developmental stage, the organisms were delimited by a thin, irregular cell membrane that was difficult to discern as a trilaminar structure. The various developmental stages also contained a variable number of discrete non-membrane-bound cytoplasmic condensations of various densities depending on the stage of development. The microorganisms were contained in a fine, loose, reticular extracellular matrix.
The reticulate bodies were generally oval to spherical 0.4-0.8 x 0.5-1.4-µm cells (n = 20) that contained a single cytoplasmic condensation and a loose, fine, granular cytoplasm suggestive of ribosomes (Fig. 3) . A few of these cells had a pleomorphic and convoluted appearance due to variable membrane invaginations without septation, suggestive of uneven fission (Fig. 3) . However, a few highly enlarged reticulate bodies with a variable range of 0.8-2.2 x 1.0-3.7 µm (n = 5) along the widest and longest axes, respectively, had multiple cytoplasmic condensations and an exaggerated pleomorphic and convoluted appearance (Fig. 3) . The convoluted and pleomorphic appearance was due to multiple membrane evaginations consistent with the budding process. The evaginations contained a single cytoplasmic condensation surrounded by an electronlucent zone or halo and were often constricted at the base but without septation, which resulted in an oval to spherical profile of the evaginated process. In contrast, other evaginated processes were highly elongated with alternating lengths of expansion and constriction without septation. Each expanded length of the elongated evaginations usually contained a single cytoplasmic condensation that were surrounded by an electron-lucent zone or halo. These cytoplasmic condensations were relatively less electron dense and less compact than the cytoplasmic condensations that occurred in the later stages of development. (Fig. 4) . These cells contained a single, compact cytoplasmic condensation that was completely circumscribed by an electron-lucent zone or halo. The presence of a cap or plaque composed of hexagonally arrayed fine fibrillar surface projections that originated from the cell membrane was initially recognized at this stage. Tangential sections further demonstrated that the cap was composed of up to 30 surface projections (Fig. 4) .
A homogeneous population of 0-3-0.4-µm oval elementary bodies (n = 20) also occurred separately in individual host cells (Fig. 5 ). This stage of development had a single, dense, compact, eccentrically located cytoplasmic condensation and a single cytoplasmic vacuole that was not membrane bound. The cap of hexagonally arrayed fibrillar surface projections previously described was more distinct at this stage of development and occurred opposite to the eccentrically located cytoplasmic condensation. The membrane cap associated with these surface projections constituted approximately 25% of the cell profile and displayed a prominent, uniform electron density relative to the remainder of the cell membrane. 
Discussion
Epitheliocystis disease is a common condition that has been observed in various teleosts as an incidental finding. 5, 16, 23, 26 This incidental form of the disease has been characterized as a nonlethal or chronic condition because of the apparent mild infection and associated host response that is typically absent or limited to a mild epithelial hyperplasia. A severe form of the disease has also been documented and characterized as a hyperinfection because of severe infection and the associated host response, which has been described as a diffise, severe, proliferative epithelial hyperplasia often with branchial lamellar fusion and excessive mucus production. 1, 14, 20 Progression from the chronic to the proliferative form of the disease may be secondary to stressful conditions, 16 such as low temperature. 3 However, severe infections have been observed in the absence of a host response, whereas apparent mild infections have been described in association with a severe, proliferative host response.
12,18 Although these observations may be attributed to epitheliocystis strain or host species differences, acknowledgement of this apparent variability in the manifestation of epitheliocystis disease underscores the inherent limitations of disease characterization based solely upon empirical evidence. Therefore, the causal relationship and pathogenesis of epitheliocystis disease remains speculative and awaits culture and isolation of the organism prior to further studies. In this study, the mild to moderate infection was considered a nonlethal or chronic form of the disease and could not be definitively linked with the morbidity and mortality in this population.
Previous attempts to classify the epitheliocystis agent have been based on in situ ultrastructural characteristics of the organism due to the inability to culture and isolate the organism in vitro. Development of the organism is similar to that of the chlamydiae 24 and proceeds from small, rigid infectious forms to larger, pleomorphic noninfectious forms that divide by fission to produce a new generation of infectious daughter cells.
18,23 All of these developmental stages are apparently delimited by a cell membrane comprised of 2 electron-dense laminae separated by an electron-lucent zone. 23 The cytoplasm of these various stages also contains ribosome-like particles and cytoplasmic condensations previously referred to as the nucleoid. 23 The findings in the present study were consistent with these common characteristics shared by the various stages of chlamydial development. The chlamydiae are delimited by a cell envelope composed of a cell membrane and a cytoplasmic membrane that are each tri- laminar and comprised of 2 electron-dense laminae separated by an electron-lucent zone.
11 Although the thin, irregular cell membrane as described in this report had features similar to the chlamydial cell envelope, the fine structure may have been obscured as a result of sample preparation and processing. The epitheliocystis cytoplasmic condensations are also similar to the chlamydial nucleoid, which contains nucleic acid.
19
Five morphologic stages of epitheliocystis development have been described in various species: the initial or reticulate bodies, elongated cells, round cells, small cells, and head and tail cells. 23 The initial or reticulate body designation has been used to describe the 0.7-1.25-µm irregularly shaped epitheliocystis cells because of the morphologic similarities of these cells to the 0.5-1.3-µm reticulate bodies characteristic of early Chlamydial development. 1, 4, 20 The reticulate bodies observed in this study were similar to these previous descriptions. Furthermore, the pleomorphic and convoluted appearance that was often highly exaggerated and suggestive of division has previously been described for epitheliocystis in other host species 4 and for the chlamydiae. 24 Two forms of elongated cells have been described for the epitheliocystis agent. 18 The primary long cells (PLC) have a reported maximum size of 0.3-0.6 x 7.5 µm and contain an electron-lucent matrix with peripheral ribosomes and loose, fibrillar cytoplasmic condensations. The intermediate long cells are produced from the PLC by binary fission and budding but are usually smaller, with a reported range of 0.3-0.6 x 1.0-2.0 µm, and contain more dense cytoplasmic condensations relative to the PLC. These elongated cells may represent morphologic variants of the reticulate body in these host species, although their structure and mode of division has been reported to resemble the rickettsial giant or initial body. 11,24 These round cells have a reported size range of 0.3-1 µm and are similar to the 0.2-0.4 x 0.3-0.6-µm spherical to oval intermediate bodies observed in this study. The final and infective stage of epitheliocystis development has been assumed to be the designated small cell because of the similarity with the chlamydial elementary bodies.
23
These small cells are < 1 µm in diameter and contain an electron-lucent vacuole, a dense cytoplasm, and a dense, compact cytoplasmic condensation surrounded by an electron-lucent zone or halo similar to the 0.3-0.4-µm oval elementary bodies observed in this study.
This dense, compact cytoplasmic condensation or nucleoid has been considered a hallmark of the chlamydial elementary body.
2 The cap of hexagonally arrayed fibrillar surface projections that occurred opposite the dense, compact matrix condensation described in this report has also been observed in the later stages of epitheliocystis development in the brown bullhead (Ictalurus nebulosus).
4 These surface projections are similar to the unique structures described for the chlamydial elementary bodies considered requisite for inclusion in this group. 6 Although the function of these surface projections is unclear, their hollow and cylindrical structure may be indicative of a transmembrane pore that connects the interior of the cell to the external environment 9, 10 or that is involved in interChlamydial communication. 21 The presence of these surface projections in the later stages of development also suggests a role in the attachment to host epithelial cells prior to infection.
Head and tail cells have been previously observed in only 2 species of salmonids. 1, 20 These cells reportedly exhibit the common epitheliocystis features and are comprised of an elliptical 0.3-0.4-µm head region, which contains a dense cytoplasmic condensation, and a tail region up to 0.3 µm in length, with a terminal 0.125-µm expansion. These cells reportedly resemble a degenerative form of the rickettsial organism Coxiella burnetti 25 and may represent failed or delayed division, an artifact, or a form unique to these host species. 23 However, cells with this characteristic morphology were not observed in this study.
Attempts to classify the epitheliocystis organism based on ultrastructural morphology have been unsuccessful because of the limitations inherent in these methods, including sampling error and the inability to accurately assess the variability in epitheliocystis development that may occur with strain differences or with differences in the host species influence. However, inclusion in the Chlamydiales has been suggested because the various developmental stages share ultrastructural characteristics with members of this group. 4, 18 Placement in the Rickettsiales has also been proposed based on the similarities in morphology and mode of division of the epitheliocystis PLC with the rickettsial initial or giant body. 18 This argument has been sup-ported by the failure to detect epitheliocystis expression of the chlamydial genus-specific LPS antigen in previous investigations. 1, 22 However, positive demonstration of chlamydial antigen in the present study provides further evidence that the epitheliocystis organism is related to members of the Chlamydiales.
Ultrastructural observations indicative of host cell degeneration secondary to epitheliocystis infection have been previously reported. These degenerative changes include the presence of swollen mitochondria and dilated cisternae of the endoplasmic reticulum 4,18 and the accumulation of fibrillar and hyaline deposits within infected and adjacent host cells. 18 The occurrence of cytoplasmic vesicles at the periphery of the cytoplasmic inclusions in infected salmonid cells has been reported and may be representative of clathrin-coated pinocytotic vesicles with a transport-related function.
1
In contrast to these previous observations, organellar lesions or degenerative changes were not apparent in the present study, although the cytoplasm and organelles were peripherally compressed because of the enlarged intracytoplasmic inclusion. Likewise, the nuclei were also eccentrically located and attenuated with an apparent loss of the nucleus due to progressive enlargement of the inclusion although degenerative changes of the nucleus including karyorrhexis and karyolysis were not observed.
Failure to isolate the organism has also precluded definitive investigations of host specificity and epitheliocystis strain differences, which are presently limited to morphologic observations. Horizontal transmission by cohabitation apparently occurs within some species, 8 although the available evidence for interspecies transmission remains inconclusive. Whereas morphologically similar forms of epitheliocystis have been observed within the family Salmonidae, 1,20 the differences in morphology among other host families has been presented as evidence for the resistance of transmission between families and species. 8, 18 The source of infection in the present study was not determined, although transmission via fomites 14 or through the water supply was considered likely. The high-density culture of these sturgeon would further promote the transmission and exacerbation of infection within the population. The sturgeon examined in this study were randomly selected and may not have been representative of the severity of infection responsible for the low level of mortality in this population. Therefore, epitheliocystis infection cannot be ruled out as the primary cause of mortality in this population, especially because other infectious disease agents were not identified nor were water quality or other environmental parameters considered contributing factors.
In conclusion, the ultrastructural characteristics of the epitheliocystis organism in these white sturgeon is similar to those previously described in other host species and expands the species catalogue of epitheliocystis infection. Ultrastructural characteristics similar to those of chlamydiae 11 in association with the immunohistochemical demonstration of chlamydial antigen within the cytoplasmic inclusions provides further evidence that the epitheliocystis agent is related to members of the Chlamydiales. Although the infection was considered mild to moderate and could not be definitively linked to the mortality in this population, the institution of surveillance methods to detect and subsequently prevent the transmission of epitheliocystis infection in cultured populations should be considered. Likewise, the practicality and viability of alternative husbandry methods that reduce or eliminate the potential adverse impact of epitheliocystis infection especially in high-density operations should be evaluated.
